INTRODUCTION
The application of genetic techniques to the methylotrophic bacteria has greatly enhanced studies of these important organisms. Two methylotrophic systems have been studied in some detail, the serine cycle for formaldehyde assimilation and the methanol oxidation system. In both cases, genes have been cloned and mapped in Methylobacterium species (facultative serine cycle methanol-utilizers). In addition, methanol oxidation genes have been studied in an autotrophic methanol-utilizer (Paracoccus denitrificans) and three methanotrophs (Methylosporovibrio methanica, Methylomonas albus and Methylomonas sp. A4). Although much remains to be learned in these systems, it is becoming clear that the order of Ct genes has been conserved to some extent in methylotrophic bacteria, and that many C~ genes are loosely clustered on the chromosome. Operons appear to be rare, but some examples have been observed. The extension of gene:ic approaches to both the obligate and facultative methylotrophs holds much promise for the future in understanding and manipulating the activities of these bacteria.
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Genetic studies in methylotrophic bacteria prior to the last ten years were difficult due to the lack of high frequency gene transfer systems for these organisms [1, 2] . However, the discovery a decade ago that broad host-range vectors of incompatibility groups PI and Q could be used in Gram-negative methylotrophs has created an entirely new range of research possibifities. Current work includes cloning, mapping, characterizing and manipulating C~ genes in a variety of Gram-negative methylotrophs [1, 2] .
The genetic approach has proven to be a powerful tool in several areas, including the biochemistry, physiology and regulation of C~ processes in methylotrophic bacteria. This work initially centered on the facultative strains, since the ability to grow on multi-carbon substrates makes it possible to isolate C~ mutants in these organisms. However, as gene probes and mutants have become available in the facultative strains, these have been applied to the study of C~ genes in the obligate strains. Genetic studies in the Gram-positive methylotroplis have moved more slowly, due to the lack of suitable cloning vectors. However, as vectors become available for these strains, it is expected that similar studies of gene organization and expression will be carried out.
Other reviews have covered general molecular biology in the methylotrophs [1, 2] and this topic will not be addressed here. Instead, this paper will focus on the genetics of C, functions in the methylotrophs, with emphasis on gene organization, expression and function. Two systems have been studied in some detail, the serine cycle for formaldehyde assimilation and the methanol oxidation system, and these will be the subject of this contribution.
GENETICS OF THE SERINE PATHWAY

The serine cycle enzymes
Several enzymes are known to be specific for the operation of the serine cycle for formaldehyde assimilation. These include hydroxypyruvate reductase, serine-glyoxylate aminotransferase, glycerate kinase, malyl-CoA lyase, serine transhydroxymethylase and PEP carboxylase [3] . In the facultative strains, the latter two enzymes exist as isoeazymes. The C~-specific serine transhydroxymethylase can be distinguished by its activation by glyoxylate, and the Cl-specific PEP carboxylase can be distinguished by the lack of a requirement for acetyl-CoA for activation [3] . Enzymes of the serine cycle are also required for the conversion of acetyl-CoA to glyoxylate, but the biochemical steps involved are not known. This portion of the pathway will be referred to as the acetyl-CoA recycle pathway.
Regulation of the serine cycle enzymes
The regulation of serine cycle enzymes has been studied in four strains, Methylobacwrium extorquens AM1, Methylobacterium organophiium XX, Methylobacterium sp. 3A2 and tIyphomicrobium sp. X [3] [4] [5] . In all four strains these enzymes were present at higher levels in cells grown on methanol than those grown on a non-C~ substrate. In the last three strains, little change in activities was observed between cells grown cn methanol and those grown on a combination of methanol and a multi.carbon substrate such as succinate. However, in M. extorquens AM1, the regulation is more complicated. Four of the enzymes, hydroxypyruvate reductase, serine-glyoxylate aminotransferase, glycerate kinase and malyl-CoA lyase appear to be repressible by multi-carbon compounds, but the glyoxylate-activated serine transhydroxymethylase is not repressible, and the acetyl-CoA-insensitive PEP carboxylase is only partially repressible. Although further studies will be necessary to distinguish between induction and derepression mechanisms, for the purpose of simpficity the term induction will be used here to represent the phenomena in these strains.
In M. extorquens AM1, methanol itself is probably not the inducer, since the serine pathway enzymes are not inducible in a mutant lacking methanol dehydrogenase activity. In M. organophilum XX however, methanol may be an inducer, since the serine pathway enzymes are at induced levels in a mutant lacking methanol dehydrogenase activity [6] . In both strains, all C1 enzymes are at induced levels during growth on methylamine [7, 8] , and therefore methylamine or a metabolite must be an inducer also. Definitive evidence concerning the identity of potential inducers must await the development of cell-free transcription systems.
Serine cycle genes
Some of the genes for the serine cycle have been cloned and mapped in M. extorquens AM1. Genes necessary for the maiyl-CoA lyase, acetylCoA-independent PEP carboxylase, glycerate kinase and the acetyl-CoA recycle pathway have been cloned by complementation of mutants with cosmid clone banks [8] [9] [10] . Although the first two genes are adjacent on the chromosome, these are at least 15 kilobase pairs (kb) from the other two, which are in turn separated by at least 15 kb. R68.45-mediated chromosomal transfer has been used as a broad-range mapping tool to map mutants defective in both serine cycle functions and in methanol oxidation [11, 12] . The combination of data from both approaches is most consistent with the gene order shown in Fig. 1 . The distance between the gene clusters noted is not known, and other methods will be necessalT to determine physical distances. However, since R68.45 rarely transfers more than 100 kb of DNA [1] , it is possible that all of the C~ genes noted in Fig. 1 are clustered in one section of the chromosome. In M. organophilum XX, some of the serine pathway genes (for malyl-CoA lyase, glycerate kinase and the acetyl-CoA recycle pathway) have been cloned, and these were found to be separated by at least 30 kb [13] . These results support earlier studies with a low-frequency transformation system which suggested that the genes for glycerate kinase and the acetyl-CoA recycle pathway were not cotransformable [6] . It is not known whether these genes are present in a similar order on the chromosome as in M. extorquens AM1, but the available data do not rule it out.
GENETICS OF METHANOL OXIDATION
The methanol oxidation (Mox) system
The methanol oxidation (Mox) system oxidizes methanol to formaldehyde. In Gram-neg:~tive methylotrophs it consists of a periplasmic methanol dehydrogenase (MeDH) coupled to a periplasmic eytochro,ne c [14] . The MeDH is a quinoprotein, utilizing the cofactor pyrroloquinoline quinone (PQQ), and usually contains a large subunit of approximately 60 ldlodaltons (kDa) [14] . Recent evidence suggests that this enzyme also contains a small subunit of 10-12 kDa, and may be present in an a2fl 2 form [15, 16] .
Regulation of the Mox system
Regalation of t~e Mox system has been studied in Methylobacterium strains and in Paracoccus denitrificans. In both M. extorquens AM1 and M. organophilum XX, methanol oxidation is not repressed by the presence of multi-carbon compounds [3, 4] , while in P. denitrificans the Mox system is strongly repressible [17] . In P. denitrificans, methanol is not required for induction and, instead, the regulation appears to reflect the redox 433 state of the cells [18] . The inducer for the Mox system in the Methylobacterium strains is not known but, as is the case for the serine cycle enzymes, methylamine is also an inducer [7, 19] . Some evidence exists that the MeDH in the Methylobacterium strains is transcriptionally regulated ( [20] ; D. Anderson, Ph.D. thesis, Univ. of Washington; see below).
Genes of the Mox system
In the two Methylobacterium strains, genes of the Mox system have been cloned by complementation of mutants [7, 13, 19] and have been identified by phenotypic analysis of the mutants [13, 21] and by expression in E. coil [15] . Although initially 11-12 genes were identified, more recent studies involving cross-complementation of the mutants of each strain with clone banks from the other strain have demonstrated that a minimum of 17 mox genes are present in M. extorquens AM1 and 14 in M. orgunophilum XX ( [22] ; Lidstrom and Lee, unpublished). These genes are clustered in groups on separate cosmid clones and show a similar organization in the two strains, with one exception (Fig. 2) . In M. extorquens AM1 the moxCPOMND cluster shows a different order than in M. organophilum XX (Fig. 2) .
The discovery that such a large number of genes was required for the oxidation of methanol to formaldehyde was surprising, and phenotypic analysis of the Mox mutants has suggested that the system is more complex than originally supposed. Although the function of some of these mox genes is still not clear, others have been identified. In M. extorquens AM1, the tour clustered genes moxFJGl have been shown to encode the 60-kDa MeDH subunit (moxF), the 10-kDa MeDH subunit (moxl), the 21-kDa cytochrome c L (moxG) and a protein of 30 kDa with unknown function (moxJ) [15, 16, 21, 23] .
Seven other mox genes apparently involve the cofactor, PQQ. The moxA, K and L genes, also closely clustered, appear to be involved in the assembly or modification of the apoMeDH with PQQ. However, more information is needed to determine the exact role of these proteins. [7, 15, 19, 22] ; Lee and Lidstrom, unpubfished). The clone numbers below the letters refer to the designations for M. organophilum XX [7] , and two serine cycle genes are shown for reference (Ci-specific PEP carboxylase. ppc and malyI-CoA lyase, mcl). The order of the genes in parentheses is unknown.. on methanol in the presence of exogenously added PQQ (Lidstrom, unpublished) . This suggests that these functions are involved in the biosynthesis of PQQ. Initially it was assumed that none of the Mox mutants were defective in PQQ biosynthesis, since they all grow normally on methylamine, and the methylamine dehydrogenase is a PQQ-linked enzyme [3] . However, recent evidence suggests that the cofactor in the methylamine dehydrogenase is actually proPQQ, a precursor of PQQ (3.A. Duine, personal communication), and therefore these mutants are probably defective in Mox-specific PQQ biosynthetic steps. The o~er Mox mutants (Mox B, M, N, D, Q and E) all show pleiotropic phenotypes and therefore may be involved in regulation, stability or processing functions. Work is currently in progress to define these phenotypes in more detail.
In M. organophilum XX, the mutants and clones that show cross-complementation with the M. ex. torquens AM1 mutants and clones (all classes except MoxH, J, C and K) are assumed to have similar functions. The homologs of the moxF and I genes have been identified by sequencing [20] .
Some of the mox genes have also been identified in other strains. In P. denitrificans, the moxF gene was identified with a probe designed from amino acid sequence, and nucleotide sequencing confirmed the identity [24] . Recent sequence data for the downstream region have revealed a second open reading frame that may be the moxJ homolog [25] . The moxF gene has also been cloned from a third Methylobacterium strain, and a gene involved in PQQ synthesis (pqqA) has been identified within 30 kb of moxF [26, 27] . It is not clear whether pqqA is analogous to the Mox-specific PQQ synthesis genes of M. extorquens AM1 discussed above.
In the obligate methane-utilizers (methanotrophs), Ct genes are more difficult to study, since mutants in these genes are lethal. However, probing with cloned Methylobacterium genes and complementation of Methyiobacterium mutants has resulted in the isolation and identification of several mox genes in methanotrophs, including rnoxF, G, I, A, K and L ( [22, 28] ; DiSpirito, Arps and Lidstrom, unpublished). In those cases in which the order has been determined, it is similar to that found in the Methylobacterium strains.
As noted above, nucleotide sequence data are now available for several rnox genes, including raoxF ( P. denitrificans, [24] ; M. organophilum XX, [20] ; M. extorquens AM1, [29] , moxJ (P. denitrificans, [25] ; M. extorquens AM1, [29] , moxG ( M. extorquens AM1, [23] ) and moxl ( M. extorquens AM1, [16] ). The translated products of all of these genes show the strong codon usage bias common in bacteria of high %G + C content, in which the final nucleotide of each triplet is heavily biased towards G's and C's. The moxF genes that have been sequenced so far show remarkable conservation at the amino acid level, with some portions of the genes showing over 90% similarity between all three organisms. Similarity is also present between the M. extorquens AM1 mox.l gene and the open reading frame reported for P. denitrificans, suggesting that this is the moxJ homolog [29] . Although the overall similarity is around 65%, some portions show over 90% similarity.
Although studies of promoters for the mox genes are just beginning, some informefion is available. The transcriptional start sites have been mapped for the moxF genes of both M. organophil~m XX [20] organophilum XX, studies of the moxF transcript suggested that it encoded only the moxF gene [20] . However, preliminary studies of the moxFJGl region in M. extorquens AM1 suggest that larger transcripts are produced (Anderson and Lidstrom, unpublished) . Further work will be necessary to map these transcripts.
CONCLUDING REMARKS
The application of genetic techniques to methylotrophs has resulted in major advances in understanding the organization and expression of C 1 435 genes in these organisms. Not only has it been possible to clone and characterize C I genes from facultative methylotrophs, these experiments have opened the way for studying C 1 genes in obligate strains. The genetic approach is proving instrumental in delineating previously unknown functions of methanol oxidation, mid for elucidating regulatory mechanisms in both this system and the serine cycle. It seems likely that as the application of these techniques widens to include other C1 functions and other methylotrophs, the work in the next three years will produce substantial advances, uncover yet more new C i functions, and sort out the molecular details of regulatory processes.
